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1. INTRODUCTION
In Part 1,1 the effects of Al on the dehydrogenation and
rehydrogenation behavior of the Li—Al—B—H systems deter-
mined by using thermal gravimetric analysis (TGA) and X-ray
diffraction (XRD) were reported. More specifically, the TGA
data showed that Li3AlH6/2LiBH4 and 0.5Al/LiBH4 systems,
respectively, release∼8.8 and∼8.4 wt % H2 when heated to 450
and 380 C, with ∼3.8 and ∼5.8 wt % H2 release after
rehydrogenation. XRD results showed that the dehydrogenated
products are composed of LiH and AlB2, which confirmed the
formation of the stable metal boride phase to facilitate the
hydrogen release. Possible mechanisms and reaction paths of
the combined systems, however, are still not clear because the
reaction products could not be fully analyzed by the above
methods. In order to clarify these, solid-state NMR analysis
was performed on the milled, dehydrogenated, and rehydroge-
nated products of the Li—Al—B—H systems.
2. EXPERIMENTAL APPARATUS AND PROCEDURE
The experimental apparatus and procedure for the dehydro-
genation and rehydrogenation as well as the materials used were
presented in detail in Part 1.1
The identification of the phases in the reactants and products
before and after the TGA was carried out using an X-ray
diffractometer (XRD, Siemens D5000) with Ni-filtered Cu
KR radiation (λ = 1.5406 Å). Each sample was mounted on a
glass slide and covered with a Kapton tape as a protective
film in the glovebox. The X-ray intensity was measured
over diffraction 2θ from 10 to 100 with a scanning rate of
0.02/s.
Multinuclear high-resolution solid-state NMR experiments
were performed using a Bruker Avance 500 MHz spectrometer
with a wide bore 11.7 T magnet and a 11B background-free
Bruker 4 mm magic angle spinning (MAS) probe. The spectral
frequencies were 500.23, 130.35, 160.5, 194.4, and 73.61 MHz
for 1H, 27Al, 11B, 7Li, and 6Li nuclei, respectively, and NMR shifts
were reported in parts per million (ppm) with respect to external
references, tetramethylsilane (TMS) for 1H, 1.0 M LiCl aqueous
solution for 6Li and 7Li, a 1.0 M Al(NO3)3 aqueous solution
for 27Al, and BF3 3O(CH2CH3)2 for
11B nuclei. The powder
samples were packed into 4 mm ZrO2 rotors after minimal
additional grinding and were sealed with a tight-fitting kel-F cap.
The sample loading was carried out inside of an Ar-filled
glovebox. Dry nitrogen gas was employed for all MAS experi-
ments. For quantization purpose, 27Al or 11B MAS NMR spectra
were acquired using a short (0.3 μs) single pulse with a small
nutation angle (i.e., <π/18 for 27Al) and employing a strong 1H
decoupling pulse of the two-pulse phase modulation (TPPM)
scheme.2
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ABSTRACT: In Part 1, the promising hydrogen storage
properties of the combined systems of Li3AlH6/LiBH4 and
Al/LiBH4, exhibiting the favorable formation of AlB2 during
dehydrogenation, were presented based on TGA and XRD
analyses. The present Part 2 describes the characterization of
the intermediate and final products of the dehydrogenation and
rehydrogenation of the above systems by multinuclear solid-
state NMR characterization. This work has also verified that the
presence of Al resulted in the re-formation of LiBH4 occurring
at a much lower temperature and H2 pressure, under which conditions the dehydrogenation product from LiBH4 alone does not
show any degree of rehydrogenation. NMR studies mainly identified various reaction intermediates for LiBH4 dehydrogenation/
rehydrogenation reactions. Unlike the XRD studies, the AlB2 formation, in particular, could not be unambiguously confirmed by
NMR. 27Al NMR showed that aluminum was mainly involved in various Li—Al alloy formations. The catalytic role of Al in the
LiBH4 hydrogen storage reactivity could be achieved by a reversible cycle of the Al þ LiHT LiAl þ 1/2H2 reaction.
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3. RESULTS AND DISCUSSION
3.1. Characterization of the Reaction Products in the
Li3AlH6/LiBH4 System. In this paper, X-ray diffraction results
conducted on the raw materials as well as the reaction products,
which are discussed in detail in Part 1,1 are briefly summarized
first. Then, the solid-state NMR results are discussed in order to
further verify whether the H2 release/uptake reactions indeed
follow each proposed reaction and confirm the products detected
by XRD. It is also noted that the designation of samples at each
step in reactions 1- 3 is referred to in Table 1. For example, the
reaction products from Li3AlH6/2LiBH4/4 wt %TiCl3 after
milling, dehydrogenation, and rehydrogenation are referred to
as S1, S2, and S3, respectively, hereafter in this paper.
As indicated in Part 1,1 the overall hydrogen release reaction
from the Li3AlH6/LiBH4 system can be described by the follow-
ing equation
Li3AlH6 þ 2LiBH4 f 5LiHþ AlB2 þ 4:5H2 ð1Þ
The XRD profiles of S1, S2, and S3 showed1 that the reactants
Li3AlH6, LiBH4, and TiCl3 are preserved unchanged during
milling, and the overall path for dehydrogenation follows reaction
1. However, the LiBH4 peaks were weak after rehydrogenation.
The presence of LiH could not be stated with certainty because
the LiH peaks overlap with Al or AlB2 peaks. In addition, the
presence of monoclinic Li3AlH6, which is identified by the
characteristic double peak at 2θ values of approximately 22,
was absent in the rehydrogenated product. Therefore, it was
concluded that S2 can only be partially rehydrogenated under
24.1 MPa of hydrogen pressure at 450 C for 12 h, and it was still
uncertain what products formed after rehydrogenation. In other
words, the presence of different phases in S3 could not be
identified solely by using XRD. Furthermore, XRD cannot detect
amorphous or disordered nanocrystalline components due to the
absence of resolvable diffraction peaks. Solid-state MAS NMR
was therefore employed to investigate the chemical compositions
of Al, B, Li, and H in S1, S2, and S3, as discussed below.
Figure 1 shows multinuclear MAS NMR spectra for S1, S2, and
S3, the samematerials that had been investigated by XRD. The 1H
MAS NMR spectra (Figure 1A) of the three samples first show
clearly the change of hydrogen content as the H2 release and
uptake reactions took place. The relative hydrogen concentrations
were obtained from the relative signal intensities (integration over
the entire spectrum including all spinning sidebands) of the three
spectra and are listed in Figure 1A. Considering the hydrogen
amount during dehydrogenation according to reaction 1, the
decrease in hydrogen content observed by 1HMASNMR reason-
ably agrees with the expected value (36% of the original content).
The slightly lower hydrogen content (29%) of S2 may indicate
possible further change of LiH to LiAl by reacting with Al metal.
While the appearance of Al metal in reaction 1 is not formulated,
the generation of Al metal is expected either by partial decom-
position of Li3AlH6 during the ball milling or as a decomposition
product of Li3AlH6 in reaction 1. Therefore, Almetal, the presence
of which can be readily identified by 27Al MAS NMR (see below),
is available for reaction with LiH. Such LiAl formation in the
LiBH4/Al system was also observed previously by others
3 under
low hydrogen pressure. Recovery of the 1HMASNMR signal seen
in the spectrum for S3 in Figure 1A also clearly corresponds to a
partial (∼78%) rehydrogenation, and the hydrogen content is
consistent with the formation of LiBH4. Besides the hydrogen
content, 1H MAS NMR did not provide any resolution to
discriminate which hydride phase forms. The 27Al, 11B, and 7,6Li
MAS NMR spectra, shown in Figure 1B-E, respectively, better
reflect the phase changes after the reactions. Assignments for the
starting reactants, Li3AlH6 and LiBH4, and Al metal formed after
dehydrogenation are relatively straightforward from chemical shift
information available in the literature.4-6 The 27Al and 11B MAS
NMR spectra show the dehydrogenation of both Li3AlH6 and
LiBH4 in S2 and recovery of LiBH4 via hydrogenation at a
moderate reaction temperature and H2 pressure.
27Al MAS
NMR also confirms that the hydrogenation treatment did not
yield any formation for hexahydroaluminate (AlH6
3-) or tetra-
alanate (AlH4
-) phases. Approximately half of the observed 27Al
signal in Figure 1C for S3 was due to aluminummetal (1640 ppm;
see Table 2), indicating that Al is a major product after the
hydrogenation. The formation of LiH in S2 is indicated by a
0 ppm peak12,13 in the 7Li MAS NMR of Figure 1D. Quantitative
estimations on each phase were also made from the spectra in
Figure 1. Table 2 lists identified phases for all three samples and the
relative concentrationwithin each sample. The quantity changes of
phases over three samples could be possible but was not attempted
here because of problems associated in some cases with the
presence of Al metal or other metallic species that interfere with
probe tuning and prevent reliable comparison of NMR signals. In
the NMR quantitation of quadrupole nuclei (27Al or 11B), signals
from the central transitions (-1/2 T 1/2) of a site, including
spinning sidebands if they were differentiated from the spinning
sidebands originating from the satellite transitions, were only used
in the calculation, except for the Al metal. The whole spectral area
of the Al metal was used in the integration and followed the
method that has been described in the literature.4,7 Overall, the
NMR characterization certainly reveals some interesting aspects of
the reaction species in the three samples that are complementary
to the XRD studies (see Part 11).
NMR signals after dehydrogenation (S2), however, appear
fairly complicated. First, the formation of AlB2 could not be
readily demonstrated by either 27Al or 11B MAS NMR char-
acterization. 27Al MAS NMR shows (Figure 1B) a broad peak at
372 ppm that might be indicative of a new phase formed during
dehydrogenation. The peak position, in contrast, is simply too far
off from that of the 27Al MAS NMR signal of AlB2 at ∼900
ppm that we have obtained from the AlB2 compound (purchased
from Cerac, with its 27Al NMR spectrum shown in Figure 3B) or
that at 880 ppm that has been previously reported by Baek et al.8
Note that the 372 ppm peak was not observed in 27Al{1H}
CPMASNMR experiments (not shown). On the basis of the 27Al
NMR shift information, it is possible to attribute this peak to the
formation of β-LiAl or γ-[Li3Al2] intermetallic compounds
because their 27Al NMR shifts were reported at ∼380 ppm by
Table 1. Designation of Samples
after milling after dehydrogenation after rehydrogenation
Li3AlH6/2LiBH4/4 wt %TiCl3 S1 S2 S3
0.5Al/LiBH4/4 wt %TiCl3 S4 S5 S6
0.05Al/LiBH4/4 wt %TiCl3 S7 S8 S9
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Tarasov et al.9 LiAl that could form by a reaction of LiH and Al
during the desorption reaction is not surprising as we expected
from the 1H MAS NMR (see above). Its formation is also
demonstrated by the 7Li MAS NMR (see Figure 1D), showing
a broad peak near ∼20 ppm that is consistent with the chemical
shift of LiAl reported in the literature.9 The 11BMASNMRpeaks
for S2 showed severe broadening compared to the peak for
LiBH4 in S1 or S3, and this is believed to be due to the
amorphous nature of the newly formed phases in S2. A spectral
decomposition with a nonlinear curve fit was performed for this
spectrum and is displayed in Figure 2. 11B MAS NMR spectra
that we obtained from commercially available AlB2 and elemental
amorphous boron (referred to as “a-B” hereafter, Aldrich) are
plotted together in Figure 2 for comparison. a-B was considered
Figure 1. Multinuclear MAS NMR spectra from samples S1-S3, Li3AlH6/2LiBH4 system. (A) 1H, (B) 27Al, (C) 11B, (D) 7Li, and (E) 6Li. Spinning
sidebands are marked by *. Note that the relative hydrogen concentrations were obtained from the relative signal intensities (integration over the entire
spectrum including all spinning sidebands) of the three spectra (S1-S3) listed in (A).
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because an independent LiBH4 decomposition might be an
alternative reaction pathway. As seen in Figure 2, two broad
peaks at 18 and-11.7 ppm are the dominant phases, while their
positions deviate from the 11B signals of either AlB2 at-6 ppm or
a-B at 5 ppm. A -41.6 ppm peak (∼7%) arises from residual
LiBH4. The
11BNMR shift of AlB2 reported in the literature
8 is-
10( 5 ppm, and the-11.7 ppm peak partly overlaps with that of
the AlB2 signal.While the-11.7 ppm peak could be regarded as a
possible candidate for AlB2 because of the closeness in its shift
position, at least a portion of the responsible boron species
appears to contain B—H bonds or be proximate to hydrogen
source as some of this peak was detected in the 11B CPMAS
NMR (see Figure 2). In fact, the-11.7 ppm peak showed rather
similar behavior to that of the reaction intermediate of LiBH4,
possibly Li2B12H12 or a related species, that appears when it
decomposes alone.6 The appearance of Li2B12H12 was later
clearly demonstrated by a sharp peak at -15.6 ppm after
rehydrogenation (S3). The 18 ppm peak, on the other hand,
was not visible in 11B CPMAS NMR spectra, consistent with the
predicted behavior of nonhydrogenated boron species such as
AlB2 or a-B. Again, the unusual difference in the
11B NMR shift
did not allow us to confirm the assignments of the resonance
onto any of these possible phases. However, observation of the
intermediate species strongly suggests that a-B formation is
highly likely, and perhaps interacting with aluminummetal could
explain the downfield shift from its diamagnetic status.
Other interesting features observed inmultinuclearMASNMR
studies are as follows. First, generation of Al metal is observed in
S1 presumably due to partial decomposition of Li3AlH6 during
the ball milling. In addition, a peak at∼79 ppm in 27AlMASNMR
was observed with non-negligible contribution (12 mol %; see
Table 2). The same peak remains unchanged after dehydrogena-
tion and grows noticeably after rehydrogenation. Its NMR shift
indicates a possible formation of LiAlO2 or aluminum oxide or
hydroxide species,10 such as tetrahedrally coordinated AlO4
units, especially. The 27Al CPMAS NMR method was later used
to check any hydrogen near the Al species. No 27Al CPMAS
signal was detected for this site (not shown), indicating the lack
of Al—H or Al—OH bonds in the structure. Thus, we conclude
that this is an oxide impurity resulting from sample handling.
Especially, β-LiAlO2 formation is likely because its shift
was reported11 near 79 ppm. Second, unlike the 7Li MAS
NMR (see Figure 1D), which shows mainly the LiH formation
(0 ppm peak), 6Li MAS NMR revealed a peak at 1.4 ppm in
addition to a broad peak at 0 ppm for LiH. The peak was also
observed in 6Li CPMAS spectra (not shown) along with LiH.
The peak can be assigned to LiOH based on the chemical shift
reported in the literature.12 The signal strength of LiH in
Figure 1E is rather weak due to the slow spin-lattice relaxation
behavior of the 6Li nucleus in LiH.13 Therefore, the quantitative
estimation of the 1.4 ppm peak compared to the LiH quantity
could not readily be made. However, 7Li MAS NMR of the same
sample suggests that LiH is the dominant phase and that the
quantity of the 1.4 ppm peak is quite low. The LiOH peak then
showed an upfield shift to 0.8 ppm after rehydrogenation of the
material (see Figure 1E). The presence of minor oxide contam-
ination can also be found in the 11BMAS NMR spectrum at near
20-0 ppm. The observation of oxide contamination is neither
new nor surprising considering many different steps of sample
handling in and out of gloveboxes for syntheses and analyses. The
presence of these oxide phases has also been reported in reactive
alanates14 and amides,15 despite careful handling of the material
claimed by these authors.
In summary, the multinuclear NMR characterization of the
Li3AlH6 þ LiBH4 system does not unambiguously confirm the
formation of AlB2 during desorption, in contrast to the XRD
results on the same samples. It is possible that the extensive
disorder in the AlB2 phase generated excessive broadening of the
expected 27Al peak, which was shown in Figure 3B to be broad
and relatively weak for highly crystalline reference materials.
Note, therefore, that the present NMR studies do not exclude the
possible AlB2 formation. There certainly is strongNMR evidence
Table 2. Phases Identified by Multinuclear NMR and Their Fractional Quantity Measured from NMR Signal Strength
27Al NMR
position (ppm) Al (1640) Al—O (∼79) LiAl (∼400) Li3AlH6 (-34.5)
S1 0.07 0.12 0.81
S2 0.10 0.44 0.46
S3 0.50 0.50
11B NMR
position (ppm) LiBH4 (-41.5) unknown or a-B (18) intermediates (-12) B/O (20-0)
S1 0.98 0.02
S2 0.07 0.40 0.51 0.02
S3 0.79 0.20 0.02
Figure 2. 11B MAS and CPMAS NMR spectra of S2 and computer-
simulated peaks from a nonlinear curve fit using Gaussian functions.
Spectra of a-B and AlB2 were acquired at the same conditions.
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supporting independent decomposition of LiBH4. Formation of
LiAl that was indicated by XRD in Figure 6 of ref 1 was confirmed
by NMR and is attributed to the result of reaction between LiH
and Al. Again, an important finding from this work is that the
presence of Almetal caused the re-formation of LiBH4 to occur at
a much lower temperature and hydrogen pressure. At this
temperature, the dehydrogenation product of LiBH4 alone does
not show any degree of rehydrogenation.1,3,16-24
3.2. Characterization of the Reaction Products in the Al/
LiBH4 System. In this section, the effects of aluminum metal
(Sigma-Aldrich) as a destabilizing agent on the dehydrogenation
and rehydrogenation of LiBH4 are further examined. Again, the
proposed reaction assuming AlB2 formation can be described by
the following equation, and the theoretical hydrogen content is
8.5 wt % for a mixture with the stoichiometric molar ratio
between B and Al of 2:1
0:5Alþ LiBH4 ¼ LiHþ 0:5AlB2 þ 1:5H2 ð2Þ
The reaction equation is practically the same as that of reaction 1,
except that previously, the release of Al for AlB2 formation was
controlled by Li3AlH6 decomposition. The reaction products
from 0.5Al/LiBH4/4 wt %TiCl3 after milling, dehydrogenation,
and rehydrogenation are designated as S4, S5, and S6, respec-
tively, as indicated in Table 1. The XRD results for S4 and S5
showed the phases of the reactants Al, LiBH4, and TiCl3 after
milling and those of LiH, AlB2 and TiCl3 after dehydrogenation
by heating to 380 C and holding for 4 h. The reason for the use
of 380 C for the dehydrogenation is described in Part 1.1 The
XRD profile of S6, which was hydrogenated under 15 MPa of
hydrogen pressure at 380 C for 18 h, indicated that the
dominant phases consist of LiBH4 and Al. However, it was found
that reaction 2 was only partially reversed, resulting in∼5.8 wt %
hydrogen release by TGA, and only a portion of AlB2 was
involved in the formation of LiBH4.
1 In contrast to the XRD
results, multinuclear NMR spectra (see Figure 3) on these
samples show widely different aspects of the reaction. Before
discussing experimental results, it should be noted that the NMR
signal of S6 was acquired under a NMR probe Q-factor that was
noticeably different from that of S4 or S5, which could be related
to interference from metallic Al. Therefore, direct comparison of
the NMR signal strength of S6 with those of other samples would
not yield proper quantitative analysis. For example, the 1H MAS
NMR in Figure 3A does not correctly reflect how much
rehydrogenation has occurred, while the dehydrogenation was
measured to be roughly 30% of hydrogen. The low level of
dehydrogenation estimated by 1HNMR is surprising considering
the observation (up to 8.4 wt % at 380 C) reported in Part 1.1
The 11B MAS NMR shown in Figure 3C also reveals a strong
signal of LiBH4 at -41 ppm for all three samples, and the signal
reduction after dehydrogenation was measured to be only∼50%
Figure 3. Multinuclear MAS NMR spectra from samples S4-S6, LiBH4/0.5Al system. (A) 1H, (B) 27Al, (C) 11B, and (D) 7Li. Spinning sidebands are
marked by *. Note that the 27Al MAS NMR spectrum of AlB2 shows strong Al metal signal at 1640 ppm due to the purity of the as-purchased material
(Cerac). XRD of AlB2 used in this study also confirmed the presence of Al metal and AlB2 phases.
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of the as milled sample (S4). The other portion of the 11B signal
of S5 appears as a broad peak at∼-12 ppm, which corresponds
to the amorphous boron species observed during LiBH4
decomposition6 (see above). According to the 11B NMR spec-
trum of S6, about half of the broad peak (-12 ppm)was found to
return to LiBH4 after rehydrogenation at the same temperature.
The stable reaction intermediate Li2B12H12 is also clearly ob-
served in both S5 and S6 as the -15.6 ppm peak. The 18
ppm peak that was shown in S2 is absent in S5, indicating that this
specific boron species in S2 might have formed at a temperature
higher than 380 C. Some oxide contamination in S5 is also seen
by a small peak near ∼0 ppm in Figure 3C.
The weak reactivity of the LiBH4 þ 0.5Al system at 380 C is
also clearly supported by both 27Al and 7Li MAS NMR, as shown
in Figure 3B andD, respectively. The starting reactant Almetal was
partially consumed to produce LiAl (broad resonance at
380 ppm) and Al—O species (78 ppm peak) after dehydrogena-
tion. However, there were no strong 27Al signals evident from the
expected AlB2 phase for S5, which was suggested by the XRD
measurements.1 The LiAl did disappear and return to Al metal
after the hydrogenation treatment. Note that LiAl formation at
380 C was not detected by XRD in Part 1.1 The LiH signal at
0 ppm is nearly absent in the 7LiMASNMR spectrum of S5, which
is consistent with the low yield of LiBH4 decomposition (see
above). The LiAl formation then strongly suggests that a small
quantity of LiH might have reacted with Al metal at this lower
temperature. More than anything else, there is no NMR signature
that could be clearly attributed to AlB2 formation. Therefore, the
present NMR results allow us to conclude that reaction 2 did not
occur when the stoichiometric amount of Al reacted with LiBH4 at
380 C. The dehydrogenation rather ended at partial decomposi-
tion of LiBH4 before further proceeding to formAlB2. At the same
time, however, it is also clear that the hydrogenation treatment led
to the recovery of LiBH4 relatively efficiently at such a low
temperature, and we believe that this is promoted by the presence
of Al as a catalyst. The aluminum metal showing a similar
promoting role was reported by other researchers.3,21-24
Therefore, in order to determine whether a smaller amount of
Al might have a similar promoting effect on the LiBH4 reactivity,
use of a 10 times less amount of Al than that for reaction 2 was
investigated (i.e., 0.05Al þ LiBH4 mixture). The predicted
stoichiometric reaction would be expressed as in reaction 3,
although the AlB2 formation is expected to be unlikely as it was in
the previous two cases.
LiBH4 þ 0:05Al ¼ LiHþ 0:05AlB2 þ 0:9Bþ 1:5H2 ð3Þ
The samples of 0.05Al/LiBH4/4 wt %TiCl3 after milling, dehy-
drogenation, and rehydrogenation are referred to as S7, S8, and
S9, respectively, as summarized in Table 1. It is noted that TGA
Figure 4. Multinuclear MASNMR spectra from samples S7-S9, LiBH4/0.05Al system. (A) 1H, (B) 27Al, (C) 11B, and (D) 6Li. Spinning sidebands are
marked by *.
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was not conducted because of the difficulty in the measurement
of hydrogen release from the LiBH4/0.05Al/4 wt %TiCl3
mixture for several reasons.1 Separate XRD analyses indicated
that the patterns obtained after heating at 380 C were the LiH
and AlB2 peaks, and those of Al and LiBH4 appeared after
hydrogenation, although they were weak (not shown here).
The multinuclear NMR studies on S7-S9 are presented in
Figure 4. Even with the smaller amount of Al metal (0.05 mol)
introduced in the reactants, the samples, especially after dehy-
drogenation (S8), gave rise to some challenges in measuring the
NMR signal under MAS. The sample powders were ground with
quartz (fused silica) powder to alleviate the probe detuning or
arcing problems. Although the quantitative estimation was not
well achieved because of the experimental difficulties, Figure 4
overall shows a clear indication of the improved reactivity
compared to the case of S4-S6 where 10 times more aluminum
was reacted. Both 1H and 11B MAS NMR in Figure 4 look fairly
close to those for S1-S3 in Figure 1, and thus, no drastic changes
in chemistry took place in this system. It is noteworthy that the
production of Li2B12H12 (-15.6 ppm) after rehydrogenation
was significantly increased (up to ∼50% of boron), while the
composition in dehydrogenation materials (S2 and S8) did look
quite close. Interesting observation was made in 27Al MAS NMR
(Figure 4B), which clearly shows no aluminum metal (1640
ppm) left in S8 after the dehydrogenation reaction. The part of
the 27Al spectrum for S8 shows the LiAl formation by the broad
peak seen at ∼376 ppm. However, the majority of signal was
found at 176.7 ppm. Note that we observed its peak position at
181-189 ppm beforemixing with quartz powder. On the basis of
27Al NMR studies in the literature,9,26 the 176.7 ppm peak can be
assigned to the intermetallic β-LiAl or γ-Li3Al2 compounds that
could be observed in the 187 or 190 ( 20 ppm range, respec-
tively, at room temperature, while the 376 or 389 ppm peaks were
seen at a rather high temperature (∼600 C). Interestingly, we
observe two resonances (376 and 176.7 ppm) when measured at
room temperature. In addition, it is difficult at the moment to
determine which of the two, the β or γ phase, is responsible for
our observation. A more thorough investigation is required to
address the identities of these intermetallic compounds. Upon
rehydrogenation to give the sample S9, the recovery of aluminum
metal took place. Two small peaks at 76.4 and 13.6 ppm are also
observed in the 27Al MAS NMR spectrum. We believe that these
are attributed to oxide contaminants from [LiAl] compounds
such as R- and β-LiAlO2 (∼7 ppm for R-LiAlO2 in the
literature11) or Al—O species, as described previously. 6Li
MAS NMR is also consistent in showing LiH formation
(∼0 ppm) after dehydrogenation, with its peak center showing
a minor shift to ∼0.5 ppm. Additionally, a broad peak observed
for this sample near -2.5 ppm could be related to the [LiAl]
intermetallic compounds. Upon rehydrogenation, we see clearly
the appearance of Li2B12H12 (-0.7 ppm)
25 as well as the
recovery of LiBH4 (-1.2 ppm) in the 6Li spectrum of S9.
The NMR results suggest that the small amount of Al metal
added to LiBH4 as examined in S7-S9 underwent
Alþ LiBH4 T ½LiAl þ LiHþ Bþ B intermediates ð4Þ
Somehow, the [LiAl] formation appears to promote the reactiv-
ity of LiBH4 in the H2 release/uptake reaction at a relatively mild
condition for LiBH4 dehydrogenation and rehydrogenation.
One last reaction that we have investigated along this line was
to carry out the dehydrogenation at a higher temperature
(=450 C) when the stoichiometric amount of Al for reaction
2 was used. We denote the sample as S10. The representing
NMR spectra of 11B and 27Al along with those of S5 and S8 are
shown in Figure 5. It is particularly interesting to observe the
similarity in 11B MAS NMR results between S10 and S8 versus
S5. What surprises us is not the greater release of hydrogen from
LiBH4 by raising the temperature to 450 C under a surplus of
aluminum metal (S10) but the fact that reducing aluminum
metal by 10 times achieves the same efficiency even at lower
temperature (S8). A clue is revealed by the 27Al MAS NMR of
S10, where the formation of the β-[LiAl] phase is shown by the
sizable 188.8 ppm peak that was also seen in S8. The slight shift
from the position for S8 (176.7 ppm) can be attributed to the
excess amount of aluminum metal used for S10. In addition, the
formation of LiAl3 in S10 is confirmed by a broad peak at∼1540
ppm.26 The appearance of LiAl3 can be attributed to the Al-rich
environment. The results indicate that aluminum metal mixed
with LiBH4 shows strong reactivity with lithium to produce LiAl3
or LiAl instead of reacting with elemental boron. Low stability of
AlB2 has been pointed out as a reason to make it an inefficient
destabilizer by Friedrichs et al.3 On the other hand, if the lithium
in LiH reacts with aluminum metal, such reaction should
promote the decomposition of LiBH4. Now, the catalytic role
of LiAl in LiBH4 dehydrogenation appears to be the crucial point
to be addressed. It could be understood by considering a
Figure 5. 27Al and 11B MAS NMR spectra of samples after dehydro-
genation. S5: 0.5 mol Al at 380 C; S10: 0.5 mol Al at 450 C; S8: 0.05
mol Al at 380 C. Spinning sidebands are marked by *.
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reversible cycle, Al þ LiH T LiAl þ 1/2H2, that manages to
force the LiBH4 dehydrogenation forward with the help of high
Al mobility. This is also supported by the result3 that the
formation of LiAl at low pressures from LiH and Al makes the
storage capacity higher because the LiAl compound reacts with B
under H2 pressure to form LiBH4 again. The full potential of Al
and LiAl in H2 release/uptake of LiBH4, however, cannot be fully
determined until the reaction mechanisms during cycling are
further clarified.
4. CONCLUSIONS
In the present work, the milled mixtures of LiBH4 with
Li3AlH6 or Al and their reaction intermediates/products were
further investigated by multinuclear NMR characterization.
Although the formation of AlB2 could not be currently confirmed
after dehydrogenation, in contrast to the XRD results, the role of
Almetal in promoting the dehydrogenation and rehydrogenation
of LiBH4 was clarified. The identified phases by NMR through
the reaction pathways include those that have been observed for
the reaction of LiBH4 alone instead of a reaction involving
aluminum and boron chemical bonding. For instance, we ob-
served the appearance of Li2B12H12, which has been a well-
known reaction intermediate of LiBH4. Aluminum in the mix-
tures was found to promote LiBH4 reactions by reacting with LiH
to form LiAl. A reversible cycle of Al þ LiH T LiAl þ 1/2H2
during the dehydrogenation and rehydrogenation of LiBH4 was
proposed as a possible rationale of the catalytic role of Al. The
NMR results furthermore showed that the presence of Al
resulted in the regeneration of LiBH4 occurring at a much lower
temperature and H2 pressure, at which the dehydrogenation
product from LiBH4 alone does not show any degree of
rehydrogenation.
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